Abstract: Source power consumption and system sensitivity of a spectrometer-based optical coherence tomography (SD-OCT) system are investigated. Our study shows that the performance of an SD-OCT system can be classified into two categories based on the beamsplitting ratio R between the sample and reference rams in the Michelson interferometer. For the classic SD-OCT configuration, R is less than 1.0, and the improvement of the sample light collection efficiency through reducing R will increase the cost of OCT source power. We find that through combining the detection and source arms of a Michelson interferometer together with a fiber optic circulator and choosing a beam splitter with R > 1.0, OCT source power can be reduced greatly without losing the system sensitivity. Light squandered in the reference arm is minimized, and efficiencies of source power usage and sample light collection can be improved at the same time. Further analysis shows that the optimized signal-to-noise ratio of our approach is higher than that of the classic SD-OCT system. Measured sensitivity of our SD-OCT setup is 98.56 dB when the source power is 1.38 mW. Chicken trachea and heart are imaged successfully in vitro.
Introduction
Optical coherence tomography (OCT) [1] can be used to perform in vivo cross sectional imaging of microstructures in biological tissues. Through measuring singly backscattered light as a function of depth, OCT provides tissue structure with high resolution and sensitivity in vivo. Coherence-domain ranging in OCT is performed using a Michelson interferometer. Longitudinal resolution, governed by the source coherence length, is inversely proportional to the light source bandwidth. The imaging speed of OCT has been improved greatly with the development of Fourier domain (FD) technique [2] , [3] , making it possible to used OCT for real time imaging of biological tissues. FD-OCT not only has faster imaging speed, but also offers a significant sensitivity advantage [4] - [6] and less sampling power (or source power) requirement [7] , [8] over time domain methods.
OCT has become a widely used imaging method in the eye [9] - [11] . Other areas of OCT application include imaging of skin, cochlear [12] , [13] and catheter-based imaging [14] - [17] of gastrointestinal tracts [18] , respiratory tracts and genitourinary tracts [19] . OCT has also been used for imaging of brain tissue [20] , [21] . OCT probes developed in cardiology study have shown promise for intracoronary imaging, and can be used to visualize and quantify clinically important coronary plaque microstructures [22] . Polarization sensitive OCT provides additional imaging contrast by observing changes in the polarization state of sample reflections [23] . It has been applied to assessing the severity of burns, health of cartilage and measuring birefringence from the nerve fiber layer of retina [24] . In addition to obtaining morphological images of biological tissue, OCT can also detect the Doppler frequency shift of reflected light, which provides information about blood flow. Quantitative retinal blood flow measurement has been achieved with Doppler FD-OCT [25] , [26] . On the other hand, several OCT based techniques have been developed to image microvascular networks in biological tissues [27] , [28] .
For biomedical imaging, the ideal OCT system is to have high signal to noise ratio (SNR) with less source power consumption. In spectral domain (SD) OCT, its SNR can be expressed as SNR = ηP sam τ i /E v [4] , in which η is the quantum efficiency of the CCD detector, P sam is the light power onto the sample, τ i is the integration time of the CCD array, and E v is the photon energy. Considering the sample light loss inside the interferometer, the SD-OCT SNR can be modified as:
in which β represents sample light transferring efficiency in the OCT interferometer. From (1), it can be seen that to increase the SNR of SD-OCT system, one simple way is to increase the light source power. However, for an OCT system with balanced beam splitting ratio between sample (R s ) and reference (R r ) arms, R s :R r = 50:50, almost half of the source power is wasted in the reference arm. In retina imaging with an OCT source working at 850 nm, power onto human retina is limited below 0.75 mW in accordance with ANSI safety limit. Thus, in ophthalmic OCT, unbalanced beam splitter is employed to increase the sample light collection efficiency β to improve system SNR, such as R s :R r = 20:80 [2] , [29] . In this case, high power light source is needed. Neutral density (ND) filter is used in the reference arm to reduce reference light strength, and most of source power is wasted. Therefore, the usage of source light in the classic SD-OCT system is not efficient. High power light source will increase the system cost, and sometimes its availability maybe limited. It may also introduce more intensity noise on OCT image. In [30] , sample light of the SD-OCT system is directed into the spectrometer through the source arm of the interferometer. This configuration should be helpful to reduce the source power requirement because light split into the reference arm is low. But the OCT source power used in [30] is 18.7 mW, which seems too high. In this paper, we present our investigation on optimizing source power usage in SD-OCT. Our investigation shows that through combining the source and detection arms together in a Michelson interferometer, light squandered in the reference arm is minimized. Efficiencies of source power usage and sample light collection can be improved at the same time. Chicken trachea and heart are imaged in vitro successfully using our SD-OCT system. Fig. 1(a) shows the diagram of a classic SD-OCT system, which is plotted as a comparison for our study. Light from a superluminescent diode (SLD) is launched into a single mode optical fiber. After passing through an optical isolator, SLD light enters the source arm of a Michelson interferometer, which consisting of a 2 × 2 fiber optical beam splitter BS. The coupler BS splits the light between the reference and sample arms. The reflected (or back scattered) reference and sample arm light are recombined at the coupler. The interference signal enters a spectrometer through the detection arm of the optical coupler. The composite signal is dispersed by the spectrometer and detected by a CCD line scan camera. The interference spectrum collected by the camera is transferred to a computer for data processing and display. The SD-OCT system used in this study is schematically illustrated in Fig. 1(b) . It contains a power adjustable SLD source with a center wavelength of 850 nm and a bandwidth of 33 nm (Inphenix IPSDM0804C). The measured axial resolution of the SD-OCT system was 9.95 μm in air. Considering the refractive index of tissue, the axial resolution would be 7.54 μm in tissue. Light from the SLD source travels through a fiber optical circulator (OC) from its port 1 to 2, then enters a 2 × 2 beam splitter BS. A portion of the light from the coupler BS (ratio R r ) enters the reference arm of the Michelson interferometer, and the other portion (ratio R s ) is directed into the sample arm. Measured beam splitting ratio is about R S :R r = 87:13 in our SD-OCT system.
Experimental Methods

Experimental Setup
The reference arm consists of a set of polarization controllers, a collimating lens L 1 , a K9 glass plate GP for dispersion compensation, and an objective lens L 2 which focusing light onto the silver coated mirror M. The sample arm consists of a collimating lens L C , a pair of galvanometers for 2-axis beam steering, two f = 40 mm scan lenses L 3 and L 4 , and a f = 12 mm objective lens L 5 which focusing the probe beam onto the sample. Reference and sample arm light interfere in the coupler BS and transfer back to the circulator OC through source arm of the interferometer. The composite signal output from port 3 of the circulator is detected by a custom spectrometer. The spectrometer consists of a f = 60 mm collimating lens L 6 , a diffraction grating G (1200 lp/mm), an IR achromatic doublet lens L 7 (f = 150 mm), and a 2048 element CCD line scan camera. The camera has a 12-bit resolution. The spectrum, which contains the encoded depth reflectivity information, is measured by the CCD camera. The exposure time of the camera is set as 100 μs in this study. Data from the camera are transferred via the Cameralink interface to a computer. A VC + + program running on the computer coordinates the frame grabber and galvanometers, and provides data acquisition, processing, and image displaying. In the SD-OCT system in Fig. 1(b) , the same port of the optical splitter BS is used as the source and detection arms. Because only a small portion of light is coupled into the reference arm, there is no ND filter employed. Signal strength of the reference arm is controlled through adjusting lens L 2 to defocusing the optical beam on the mirror M.
Analysis
For the SD-OCT system shown in Fig. 1(a) , at the sampling power of P sam , the relationship between the beam splitting ration R (R = R S /R r ; R S + R r = 1.0), and the needed SLD source power P sou can be expressed as
where α OI represents the power loss induced by the optical isolator, and k sam is the light transferring efficiency in the sample arm from collimation lens L C to the biological tissue. For the back scattered sample light collected by the collimation lens L C , its transferring efficiency, β 1 , from lens L C to the spectrometer is given by
Equation (3) shows that to increase the collection efficiency of back scattered sample light, beam splitting ratio R should be decreased. As the result, the required OCT source power will be increased for a fixed sample illumination intensity P sam. , according to (2) . Inserting (2) and (3) into the definition of SNR in (1) yields
in which a factor γ 1 is introduced, which is linearly proportional to the SNR. It can be seen that the SD-OCT SNR is changed at different beam splitting ratio R.
For the SD-OCT system shown in Fig. 1(b) , the relationship between the beam splitting ration R and the SLD source power P sou can be expressed as:
where α C1 is the optical transmission loss induced by the optical circulator from port 1 to 2. For the back scattered sample light collected by the collimation lens L C , the transferring efficiency, β 2 , from lens L C to the spectrometer is
in which α C2 is the optical loss in the optical circulator from port 2 to 3. (6) shows that to increase the collection efficiency of sample light in the OCT system in Fig. 1(b) , beam splitting ratio R should be increased. As the result, the required OCT source power P sou will be decreased, as can be seen in (5). This is different from that of the classic SD-OCT system. Inserting (5) and (6) into (1) yields
Equation (7) shows the relationship between the system SNR and beam splitting ratio R for the SD-OCT setup in Fig. 1(b) . To demonstrate the differences between the SD-OCT systems illustrated in Fig. 1(a) and (b) , OCT performance at fixed sample illumination is investigated at first. Variations of the required source power (P sou , P sou ) and sample light collection efficiency (β 1 , β 2 ) at different light coupling ratio R are calculated using (2) , (3), (5) and (6) separately. In these calculations, the light power onto biological sample is set as P sam. = 0.75 mW. Measured transmission losses in the optical isolator and optical circulator are α OI = 30%, α C1 = 33% and α C2 = 19% separately. Light transferring efficiency k sam in the sample arm is assumed as 1.0. Fig. 2 shows the results. The horizontal axis represents the beam splitting ratio R, the vertical axis at the left side is the source power P sou (or P sou ), and the vertical axis at the right side is the sample light collection efficiency β 1 (or β 2 ).
In Fig. 2 , the red dot curve shows the relationship between source power P sou and beam splitting ratio R calculated with (2) , and the blue dot curve shows the relationship between the sample light collection efficiency β 1 and R calculated with (3). The solid red and blue curves represent the required source power P sou and light collection efficiency β 2 in accordance with the variation of R, which are calculated using (5) and (6) separately. It can be seen that the classic SD-OCT setup works in the region I, in which the beam splitting ratio R is in the range from 0.0 to 1.0. Required Fig. 2 . Comparison of system performance between the classic OCT system (in Fig. 1(a) ) and the new OCT design (in Fig. 1(b) ). Red curves show the relationship between OCT source power and beam splitting ratio R. Blue curves show the variation of sample light collection efficiency in accordance with R.
OCT source power P sou is increased with the increasing of sample light collection efficiency, on the other words, system SNR. However, for the SD-OCT system illustrated in Fig. 1(b) , it works in the region II. Its light splitting ratio R is larger than 1.0, and the required source power is decreased with the increasing of sample light collection efficiency. Thus, for the SD-OCT system working in the area II, its source power usage is more efficient than that of the system working in area I. For example, in area I, to achieve sample light collection efficiency of β 1 = 0.72 (marked as the black dot in the blue dot curve), the needed source power is 3.96 mW at R = 0.37 (marked as the black dot in the red dot curve). But in area II, to achieve the same light collection efficiency (marked as the black triangle symbol in the blue solid curve), the needed source power is 1.25 mW at R = 8.52 (marked as the black triangle symbol in the red solid curve), which is only one third of that needed in the area I. OCT source power is reduced greatly. Therefore, through combining the OCT source and detection arms together, as shown in Fig. 1(b) , efficiencies of source power usage and sample light collection can be improved at the same time.
The above analysis shows the performance difference between the SD-OCT configurations shown in Fig. 1(a) and (b) in terms of limited permissible exposure levels of tissue. In the following, we will discuss the SNR difference between those two systems in normal OCT applications without considering sample illumination limit. According to the SNR expressions in (4) and (7), it can be shown that with a given SLD source and the settled CCD integration time τ i , SD-OCT SNR can be optimized through selecting a beam splitter with the appropriate R. Variations of the factors γ 1 and γ 2 at different coupling ratio R are calculated using (4) and (7) separately, and shown in Fig. 3 , in which the blue solid curve is the relationship between γ 1 and R, and the red solid curve represents the relationship between γ 2 and R. For the blue curve, it can be seen that γ 1 reaches the maximum (optimized) value of γ 1opt = 0.175 at R = 1.0, which is marked as the black triangle symbol in Fig. 3 . According to (4) , the system SNR is linearly proportional to γ 1 . Thus, for the classic SD-OCT system, it has the best SNR at the balanced beam splitting ratio. However, for our system shown as the red curve, γ 2 increases with the increasing of R. If choosing a beam splitter with R = 19, then γ 2opt is 0.49 (marked as the black dot in Fig. 3 ). The ratio of the optimized SNR between our approach and the classic SD-OCT system is γ 2opt /γ 1opt = 2.8. Obviously, the SNR of our SD-OCT configuration is improved a lot in comparison with that of the classic SD-OCT design.
Results and Discussions
Sensitivity of our SD-OCT setup was measured at different source power P sou at first. A ND filter with 17.6 dB attenuation coefficient (measured) was inserted in the sample arm for the measurement. Our CCD camera had a 12-bit resolution, and the recorded maximum signal amplitude was 4096. Fig. 3 . Relationship between SD-OCT SNR and beam splitting ratio R. Blue and red curves are for the SD-OCT configurations shown in Fig. 1(a) and (b) separately. Fig. 4 . Measured SD-OCT sensitivity at different source power for the system shown in Fig. 1(b) .
For the sensitivity measurement at different source power, signal amplitude from the reference arm was kept in the same level (about 60% of 4096) through adjusting the position of the lens L 2 . Fig. 4 shows the result, in which the horizontal axis is the SLD source power, and the vertical axis represents the measured OCT sensitivity. It can be shown that the system sensitivity increases with the increasing of SLD source power. It is above 90 dB when the power is larger than 0.25 mW, and reaches 98.56 dB at P sou = 1.38 mW.
To demonstrate the feasibility of our SD-OCT system, biological tissues were imaged in vitro. The first sample was chicken trachea, which was imaged at different OCT probe beam strength. The trachea was cut open from one side, and the OCT probe beam was directed onto its inner wall. The results are shown in Fig. 5 , in which the image size is 3.42 × 0.76 mm 2 . Each image contains 500 axial lines. Light power labeled in Fig. 5 is the probe beam strength P sam onto the sample. The maximum sampling power used in the measurements is 723.0 μW. In the OCT images, the upper surface of the sample corresponds to the inner wall of the trachea. Main structures of chicken trachea can be seen clearly in Fig. 5 , which including mucosa (M) and hyaline cartilage (HC). From Fig. 5 , it can be seen that with increasing of sampling power, the trachea images become brighter. But details of the trachea structure seem no big change when the sampling power P sam increased from 256 (image (d)) to 723.0 μW (image (o)).
The second sample used in this study was chicken heart. It was also imaged in vitro at different OCT probe beam power. The results are shown in Fig. 6 , in which the image size is 3.42 × 0.82 mm 2 , and the probe beam power P sam is labeled. A blood vessel, BV, can be indentified in the images. It can be seen that when the OCT sampling power is increased from 87.8 (image (a)) to 506.0 μW (image (j)), the OCT signals become stronger and the heart tissue can be imaged deeper. With further increasing of the sampling power, images look brighter, but details of the tissue structure have no big change.
The results show that through employing the specific system configuration in Fig. 1(b) , SD-OCT source power can be reduced a lot for successful OCT imaging. In this study, our beam splitter has a splitting ratio of R = 0.87:0.13. Only a small portion of source light is coupled into the reference arm. So the efficiency of the source power usage is high. At the same time, for the reference arm, the strength of back reflected reference light collected by the spectrometer is proportional to (R r ) 2 . In the classic OCT system, R r is higher (or equal) than R s , so a ND filter has to be used to reduce reference light signal. But in our study, there is no ND filter needed. Optimization of the reference signal strength is achieved by defocusing the beam onto the reference mirror M slightly through adjusting lens L 2 . This can simplify the structure of the reference arm. On the other hand, dispersion from the ND filter is removed, which will be helpful for system dispersion compensation. Based on the simulation result in the area II of Fig. 2 , OCT system SNR will be increased with increasing of splitting ratio R, while the source power needed is decreased. Thus, the performance of our SD-OCT system could be improved further if choosing a fiber optical coupler with higher splitting ratio, such as R = 19 (Rs:Rr = 0.95:0.05).
According to the analysis in Fig. 3 , the method described in this study can be used to achieve higher SD-OCT SNR for a given light source and the settled CCD integration time. Through combining the detection and source arms of a Michelson interferometer together, the optimized system SNR can be two times higher than that of the classic SD-OCT system, in which the source and detection arms are separated. In case of OCT imaging with limited sample illumination, such as in ophthalmic imaging, the source power requirement can be reduced. For example, in [29] for human retina imaging, the beam splitting ratio in their SD-OCT system is R = 20:80. Sample power used to illuminate human eye is 600 μW, and the system sensitivity is 98.4 dB. Considering 30% light loss in a normal optical isolator, the estimated SLD source power would be 4.29 mW in [29] . But in our system (R = 87:13), at the same illumination strength, the needed SLD source power will be 0.99 mW, which is reduced a lot. Measured sensitivity of our SD-OCT system is at around 98.0 dB. In another human retina study with SD-OCT technique [31] , their system sensitivity is 89-94 dB. Therefore, our setup has enough sensitivity for retina imaging. For human retina imaging, the only thing needed to do is to remove the objective lens L 5 , and let the collimated probe beam from lens L 4 entering human eye directly.
From Figs. 5 and 6, it can be seen that the imaging depth is low. This is mainly due to two reasons. At first, the confocal length of the objective lens L 5 used in this study is short. The focal length of lens L 5 is 12 mm, and the calculated confocal parameter is 131.8 μm, which resulting in image degradation outside the focused zone. The limited confocal length can be observed in Fig. 5 for trachea imaging, in which the imaging depth is less than 500 μm, although the hyaline cartilage shows less light scattering. Secondly, the wavelength of the SLD source is 850 nm, which is not good for deep penetration in biological tissues due to strong light scattering. Besides applications in ophthalmic study, short wavelength OCT system working at 700-900 nm wavelength region is also used for high resolution OCT imaging [32] , [33] , because the required source bandwith is much narrower than that at 1.3 μm. In high resolution OCT, high lateral resolution is also desired besides high axial resolution, and objective lens with short focal length is employed. For example, in Povazay's paper for submicrometer OCT imaging [32] , the focal length of their objective lens is 10 mm. So the focal length of our objective lens is close to that used in [32] . One potential application of our SD-OCT system with a short focal length objective lens is in human corneal study, such as for in vivo imaging of corneal epithelium [34] and tear film [35] . In those studies, the main concerns are the illumination safety and OCT resolution, not imaging depth, because the corneal epithelium and tear film are thin. As discussed above, source power consumption in the reference arm has been reduced successfully in our SD-OCT system. When light travelling from SLD source to the biological sample, the biggest loss comes out from the optical circulator. Measured transmission loss in the circulator from port 1 to 2 is about 33%. The measured insertion loss of an optical isolator is at around 30% in our lab. So they are comparable. One main limitation in our SD-OCT system is induced by the optical loss α C2 from port 2 to 3 in the circulator, which reduces the signal strength of the sample light. For our circulator, measured loss α C2 is 19%. Fortunately, this signal loss is comparable with that in the classic SD-OCT setup which using a 20:80 (Rs:Rr) beam splitter.
Conclusion
In summary, efficiency of SD-OCT source power usage and system sensitivity have been investigated. Our study shows that the performance of SD-OCT system can be classified into two categories based on the beam splitting ratio R of the fiber optical coupler used in the Michelson interferometer. For the classic SD-OCT configuration, R is less than 1.0. Sample light collection efficiency can be increased through reducing R, but the required source power is also increased. We find that through combining the detection and source arms of a Michelson interferometer together with a fiber optic circulator and choosing a beam splitter with R > 1.0, OCT source power can be reduced greatly without losing system sensitivity. Light squandered in the reference arm is minimized, and efficiencies of source power usage and sample light collection can be improved at the same time. Further analysis shows that the optimized system SNR in our approach is higher than that of the classic SD-OCT system. In this study, measured system sensitivity is 98.56 dB at the OCT source power of 1.38 mW. Chicken trachea and heart are imaged successfully with our SD-OCT setup in vitro. Our investigation can be used as an alternative to help the optimization of SD-OCT system for biomedical imaging.
